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C6-3
SIMULATION OF COMPRESSORS WITH THE HELP OF
AN ENGINEERING EQUATION SOLVER
J. Lebrun and E. Winandy
Laboratory of Thermodynamics, University of Liège, Belgium

ABSTRACT
With the help of a so-called “engineering equation solver” it is possible today to write directly executable equations.
This means that the modeling can be made fully transparent and easy to adapt to the specific needs of any user. First
principle models are very easy to produce, with reference to classical engineering processes. A same set of
equations can even be used for different tasks, as system sizing, parameter identification and simulation.
A good way to ensure the model understandability is to start from fully physical approach (full whiteness), but also
from simplest assumptions. These two options are compatible, if the real component considered is replaced by a set
of elementary (well-known) processes, according to a “let’s do as if” modeling scenario. The main benefits of this
simplification are a better feeling of the user about sensitivities of the model and also a lower risk of mistake in input
preparation and in output interpretation. The numbers of elementary processes considered can be increased
progressively, until the model accuracy is considered as sufficient.
The examples taken here are scroll and reciprocating compressors. They show how it is possible to get fairly simple
reference models, which can be adjusted on the basis of experimental data.
These “reference” models are developed in such a way to stay easy to understand and physically meaningful.
Similarity variables are used as much as possible, in order to make easy and safe the identification of default value,
whenever there is a lack in experimental data available. Each reference model can also be used as simulation
“press-button”, or run in such a way to generate a set of “robust” polynomial equations, easy to include in large
system analyses.

INTRODUCTION
Models can be categorized into "white", "gray" and "black" boxes, according to their physical meaning. At very first
look, the choice among these three categories should result from a compromise between accuracy and simplicity.
But a "white" box model is not necessarily more accurate and also more difficult to manipulate than a "black" box…
A good engineering approach consists in exploring the problem by starting from "the end", i.e. from the simulation
outputs and going back to the corresponding inputs and parameters that the user might need to "manipulate". The
"parameters" are here understood as inputs that do not change during a simulation (fluid and equipment
characteristics, compressor use, etc).
Different (white, gray or black) models can be built in order to interconnect among themselves the outputs, inputs
and parameters. And thanks to the use of an “Engineering Equation Solver” (Klein and Alvarado, 2000), most
mathematical obstacles are being removed, making the model choice much less dramatic: transparency (whiteness)
and simplicity have no more to be sacrificed to equation solving easiness.
Simplicity is welcome in quality (equations is easy to understand) and in quantity (limited number of equations and
of corresponding variables).
A good way to ensure the model understandability is to start from fully physical approach (full whiteness), but also
from simplest assumptions. These two options are compatible if the real component considered is replaced by a set
of elementary (well-known) processes, according to a “let’s do as if” modeling scenario (Bourdouxhe et al., 1999).
The numbers of elementary processes considered can be increased progressively until the model accuracy is
considered as sufficient. At a later stage only, and for pure mathematical convenience (algorithm robustness), a black
box can be generated: for example a set of polynomial equations, whose coefficients are fitted on the results given by
the "reference" model.
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MODEL STRUCTURE
Most engineering models are developed in such a way to answer two questions:
1) What is the "useful" output of the component?
2) How much does it "cost"?
If some feedback control is associated to the component, its "useful" output is the degree of achievement of some
requirement (for example a temperature set point). Without feedback control (i.e. if the component is then simulated
in "full load" regime), the useful output is the component "capacity", i.e. the highest requirement achievable.
"Costs" can be expressed in various terms such as energy, power, flow rate, etc.
In order to be able to answer both questions (“how much” and “at which cost”), the model has to be supplied with
three different groups of inputs:
- The “parameters”, which are describing the component considered and currently not allowed to vary during a
simulation;
- The requirement(s);
- The constrain(s), which do affect the component performances (fluid supply and surrounding temperatures, etc.).
Some of these constrains have to be defined as secondary outputs of other components included in the system.
The definition of input and output variables is always a bit arbitrary: it corresponds to one preferred way to “handle”
the model, but not necessarily to what are the physical "causalities" inside the system considered. Even a so-called
"causality" is nothing more than a model, used by human brain to describe the phenomena in easy terms: the
description is made as if "this" variable was acting on "this" other one.
Modern equation solvers don't need to be provided with specific causalities; they are exploring the mathematical
system of equations in such a way to identify all possible sequences and all blocks of equations that have to be
solved simultaneously.
But a selection of "typical" causalities remains very useful when having to run a model alone, in order to test it, or in
order to identify its parameters.

EXAMPLE 1: MODELING A RECIPROCATING COMPRESSOR
The evolution of the refrigerant is decomposed into five steps (Grodent et al, 1999; Winandy et al, 2002):
(i) Pressure drop (su - su1);
(ii) Heating-up (su1 - su2).
(iii) Isentropic compression (su2 - ex2).
(iv) Cooling down (ex2 - ex1)
(v)
Pressure drop (ex1 - ex)
Throttling: A high discharge valve stiffness can make almost constant the corresponding pressure drop (fig. 1).
A first modeling approximation consists in neglecting the supply pressure drop and in identifying a constant
exhaust pressure drop. If more precision is required, a term proportional to the quadratic mass flow rate should
be used.
Heat transfer: In general, the different heat transfers in a compressor include the one to the suction gas, the
heating-up due to the electromechanical losses, the heat given by the high temperature discharge gas and the
heat transfer to the ambient. No lubricant is considered here. We assume that the definition of a fictitious wall
uniform temperature tw is sufficient to represent all the heat transfer modes mentioned above (figure 1).
The compressor volumetric efficiency is mainly affected by the re-expansion of the fluid trapped in the clearance
volume. This effect is very well identified for reciprocating compressors and it can be described as shown in fig. 1.
Motor sliding. As the power developed by the motor increases, its sliding increases, but this effect is usually quite
small. We may assume a linear trend of the revolution speed respected to the motor power (figure 2)
Compression: The compression is regarded as adiabatic, reversible and, therefore also, isentropic.
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Compressor power losses: The simplest way to represent electromechanical losses is to express them as linear
function of the isentropic power (figure 2).

Figure 1: Modeling of the reciprocating compressor throttling and heat transfer.

Figure 2: Reciprocating compressor power, motor sliding and cooling down.

EXAMPLE 2: MODELLING A SCROLL COMPRESSOR
As for the reciprocating compressor, we assume that the definition of a fictitious wall uniform temperature tw is
sufficient to represent all the heat transfer modes inside the compressor shell. On the other hand, we suppose
there is no pressure drop and no clearance volume re-expansion.
We divide the “supposed to be” adiabatic compression in two parts (Winandy et al, 2002):
The first compression part is adiabatic, reversible and, therefore also, isentropic, up to the adapted pressure;
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The second part is still adiabatic, but irreversible and at constant volume of the compression chamber (figure 3).
This corresponds to a mixing between the fluids contained in the compression chamber and in the discharge
plenum when both cavities are put in communication.

Figure 3: Scroll compressor internal power and losses modeling

PARAMETER IDENTIFICATION
The identification process can be carried out “manually”, i.e. iteratively considering the result trends at each
step. Default values are used as first guesses, and these values are tuned until getting results that fit to right
orders of magnitude, for example for the exhaust pressure drop (if any) and for the heating-up...
Finally the parameters are tuned again in such way to obtain the best agreement with the experimental results.
First, the swept volume is fixed to the theoretical one. Then the throttling parameters and the AU were tuned, in
order to give reasonable pressure drops, heating-up and cooling-down. The power loss parameters are fixed to
realistic values (100W for the constant loss and 0.2 of proportional loss I the example considered). Then the
iterative identification process is carried out.
Examples of results are shown in figure 4 for a 6 cylinders hermetic compressor. After identification of the
model parameters, the simulation is run for the same conditions. In the example presented here, the model is
able to follow the experimental results with a less than 2.5 % of scattering.

SIMULATION
Once the parameters are identified, it is possible to simulate the compressor for different conditions. The following
examples show typical reciprocating and scroll compressor behaviors for different operating conditions. Figure 5
shows both volumetric and compression efficiencies of the reciprocating compressor model identified before. Figure
6 shows a set typical power and mass flow rate curves for different evaporating temperatures. Figure 7 shows the
influence of the built-in volume ratio on the compression efficiency of a scroll compressor. Finally, figure 8 shows
the power and refrigerating capacity of the reciprocating compressor. The last results can be used for generating
polynomial laws as shown after.
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Figure 4: Validation of the model: simulation of the compressor power

Figure 5: Reciprocating compressor volumetric and compression efficiencies.
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Figure 6: Reciprocating compressor power and mass flow rate
for different evaporating temperatures

Figure 7: Influence of the built-in volume ratio on compression efficiency
of a scroll compressor
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Figure 8: Power and refrigerating capacity of the reciprocating compressor.

GENERATION OF POLYNOMIAL EQUATIONS
The results presented before can be used to generate simple polynomial laws, relating for example, the refrigerating

& ) and the compressor power ( W& ) to the evaporating temperature (tev) and the condensing
capacity ( Q
ev
cp
temperature (tcd). Typically, we can use (Stoecker, 1988):

Q& ev = A0 + A1 tev + A2 tev2 + A3 tcd + A4 tcd2 + A5 tev tcd + A6 tev tcd2 + A7 tev2 tcd + A8 tev2 tcd2
W& cp = B0 + B1 tev + B2 tev2 + B3 tcd + B4 tcd2 + B5 tev tcd + B6 tev tcd2 + B7 tev2 tcd + B8 tev2 tcd2
The constants Ai and Bi for the compressor of figure 9 are determined by equation fitting. This process becomes a
kid game with the solver. A table is first generated with the four variables concerned and then an automatic table
regression can be used that fits the coefficients to the data.
The results obtained for the example taken here are given in table 1.
coefficient R2 of 99.9% for both variables.

They were obtained with Correlation
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A0
A1
A2
A3
A4
A5
A6
A7
A8

218.9
8.3
0.12
-1.768
5.081E-04
-5.916E-02
1.673E-05
-9.287E-04
1.310E-06

B0
B1
B2
B3
B4
B5
B6
B7
B8

12.08
-0.7417
-2.462E-02
0.8265
-3.119E-03
2.502E-02
-3.127E-05
3.089E-04
-1.074E-06

Table 1: polynomial laws constants identified from the reference model

CONCLUSIONS
The use of an "Engineering Equation Solver" makes much easier model development as well as system simulation.
A same set of equations can be used for sizing and simulating the compressor.
This process is fully transparent: equations can be displayed as in a textbook, but they are written as directly
executable. Simplified models (set of polynomial equations) can be generated at any time on the basis of simulation
results obtained with a reference model. This makes easier the interconnections among various subsystems. New
models libraries could easily be built on this basis.
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